Mature bacterial spores can be manipulated by chemical pretreatments between states sensitive and resistant to dry heat. The two chemical forms of the spore differ in dry-heat resistance by about an order of magnitude. Log survivor curves for each chemical state were approximately straight lines. The temperature dependence of dry-heat resistance for each chemical state was similar to that usually found for dry-heat resistance. A method of testing spore resistance to dry heat has been designed to minimize artifacts resulting from (i) change of chemical state during the test, (ii) effects of water vapor activity, (iii) From a rate standpoint, the changes in resistance between the two states can amount to about 1,000-fold. The spore contains a cation exchange system, and chemical pretreatments of this system control these changes in the heat resistance state. The changes in heat resistance reside within the spore and persist in a new environment after removal of the reagents used to effect the changes in the heat resistance state. The kinetics of the transition from a sensitive to a resistant state have been reported (2) and are the basis of the phenomenon of heat adaptation (2), wherein heating can give rise to heat resistance.
Mature bacterial spores can be manipulated by chemical pretreatments between states sensitive and resistant to dry heat. The two chemical forms of the spore differ in dry-heat resistance by about an order of magnitude. Log survivor curves for each chemical state were approximately straight lines. The temperature dependence of dry-heat resistance for each chemical state was similar to that usually found for dry-heat resistance. A method of testing spore resistance to dry heat has been designed to minimize artifacts resulting from (i) change of chemical state during the test, (ii) effects of water vapor activity, (iii) incomplete recovery of spores from the test container and clumping of spores. Implications of the existence of different chemical resistance states for experimental strategy and testing of dry-heat resistance are discussed.
We have shown (1, 2) that mature bacterial spores can be manipulated by in vitro chemical pretreatments between a heat-sensitive and a heat-resistant state for the ordinary heat resistance property in the presence of liquid water. From a rate standpoint, the changes in resistance between the two states can amount to about 1,000-fold. The spore contains a cation exchange system, and chemical pretreatments of this system control these changes in the heat resistance state. The changes in heat resistance reside within the spore and persist in a new environment after removal of the reagents used to effect the changes in the heat resistance state. The kinetics of the transition from a sensitive to a resistant state have been reported (2) and are the basis of the phenomenon of heat adaptation (2) , wherein heating can give rise to heat resistance.
In this report, we show that, like aqueousheat resistance, the dry-heat resistance of bacterial spores is controllable between sensitive and resistant states. Thus, dry-heat resistance can be added to the list of prominent spore properties for whose nature the long standing constitutive assumption and the experimental strategy it dictated are inappropriate. The temperature dependence of dry-heat resistance for each of the chemical states will be reported. A method is presented for testing dry-heat resistance; this method is designed to eliminate artifacts due to a change of chemical state and to insure low water activity and recovery of spores from the test container in known number and suitable degree of dispersion.
MATERIALS AND METHODS Preparation of spore crop. Spores of Bacillus stearothermophilus strain NCA 1518 were grown at 55 C on nutrient agar plates containing MnSO4 (1.82 mM) and disodium versenate (1.36 mM), with the pH adjusted to between 6.6 and 6.9. After 2 days of incubation, the growth was rubbed off as a slurry and washed with water by centrifugation. It was then subjected to lysozyme and trypsin as described by Grecz (5) , followed by cleaning in a polymer two-phase system (10) (12) made on the spores recovered by rinsing showed approximately 1.5% recovery of spore numbers for the no heat sample, 2% for the sample heated at 110 C for 30 min, and a very low number (< 0.2%) for the sample heated at 132 C for 30 min. The missing spores were recovered in good yield, as measured by direct count, by vigorous rubbing of the interior of the TDT tubes with a motor-driven rubber policeman. Direct addition of lyophilized ("dry") spores to TDT tubes eliminated the adhesion problem, even for heated samples, and allowed removal of the spores by rinsing.
To determine the effect of the ratio of evacuated tube volume to spore volume on survivor rate, 10-, 2-, 0.5-, and 0.1-mg amounts of the B. stearothermophilus spores as loose piles were sealed in TDT tubes evacuated for 10 min at less than 25 Mm. In addition, 2-mg amounts of the spores were predried before flame sealing by holding at 50 C for 30 min and at 80 C for 30 min while under the high vacuum. The sealed tube volumes were about 4 ml. After the lethal heating for 30 min at 120 C, the spores were rinsed out of the tubes, homogenized, direct-counted, and plated for survivors. All of the direct counts were between 90 and 105% of the potential number indicated by weighing. The survivor data are shown in Table 2 .
Lethal dry-heat treatment. About 200 gg of the spores to be tested was weighed into dry, 9-mm borosilicate TDT tubes which had been constricted to facilitate flame sealing and then also had been leached with water for 1 hr at 121 C (autoclave). The tubes bearing the very small loose piles of spores were connected to a manifold evacuated by an oil pump. When the vacuum reached about 20 Mm, the tubes were immersed to about two-thirds of their length in a water bath at 50 C for 2 hr. The tubes were then sealed at the constriction while still under the same vacuum. The sealed tubes in wire cages were then heated, fully immersed, in a vigorously stirred oil bath controlled to better than 0.01 C at various temperatures for measured times. At the end of the heat treatment, the wire enclosures containing the tubes were plunged quickly into cold water. An arbitrary heat lag of 1 min was assumed. The sealed tubes had a volume of about 4 ml, giving a ratio of evacuated tube volume to spore volume of about 20,000.
DItermination of survivors of the lethal heat treatment. After cooling from the lethal heat treatment, the Fig. 1 and 2 ). Rate constants rom small (k) and D values (2.303/k) were calculated from is taken to least squares linear regression treatment of the Try occurs experimental data plotted in Fig. 1 . In calculating I stages of these regression lines of log survivors versus time, trol of the only survivor count data for heated spores were e problem used; the zero-time points at the ordinate were ing carried left out because, as we have shown previously probably (6), the germinability or dormancy is controlled by the chemical state of the spore, the hydrogen container form being highly germinable, the heat-resistant a greater metal form exhibiting dormancy. In Fig. 2 , in value of which the dry-heat survivor curves of the two data also chemical forms are plotted together, these initial i be largely survivor points showing the degree of dormancy s investiga-have been indicated and joined to the least f moisture squares regression by dotted lines. The other two resistant-form preparations also exhibited similar lependence. dormancy. The direct microscopic count of the for all of B. stearothermophilus preparation was 1012 spores per g.
The survivor curves ( Fig. 1, 2 and (Fig. 3) .
The least squares linear relation between temperature and log1 D a The standard condition chosen for testing dryheat resistance in this investigation. See Fig. 1 and 
